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L.

Iatroduction

The work done during the final year of Grant HNSG-428 was concerned
to a large extent with detailed exemination of =lectroluminescent materiala,
i.,e., their optical, electrical, and magnetic properties. In addition,
gome work was done on the thermal control of temperatures of spacecraft
surfaces by means of electro-optical crystals. As the larger part of this
report is aconcerned with electroluminescence, some of the standard concepts
and definitions of this field will be reviewed below.

Luminescence includes all forms of light emission in which kinetic
heat energy is not essential for the mechanism of cxcitat:lonu). Crystalline
luminescent solids are usually referred to as phosphors. By electroluminescence
(E.L.) is meant the emission of light from a phosphor resulting fran. the appli-
cation of an electric field. lLight output may occur for either d.c. or a.c.
fields. In the following, we will only be concerned with the latter case.

The action of electric fields upon microcrystals embedded in an insulator
wvas first reported by Gudden nnd. Pohl(z) in 1920. They observed a momentary
enhancement of the afterglov from a phosphor previously irradiated by ultra-
violet radiation. liowever, the sustained emission of light by phosphor powders
embedded in an insulator was first reported by D.strim(a) in 1936,

Since the light output occurs in the visible part of the spectrum, it
is clear that the emission process must involve electronic transitions rather
than merely rotations or librations of molecules or vibrations of crystels
(phonons) and molecules. As a result, it is convenient to divide the problem
of understanding the nechmim of E.L. into several parts relating to (1) the
excitation process, (2) the life history of electrons in excited states, and

(3) the de-excitation of the sample by means of either phonon and/or phonon




emission. Valuable information may also be obtained by studying the decay of
efficiency, i.e., the ratio of light output and power input as a function of
time,




Chapter I - Technigues of Preparation
a) Preparation of Phosphors

Zinc sulfide, vhich is sufficiently doped with certeln purities,
will exhibit electroluminescence. These impurities msy be sctivators
such as Cu, Ag, Mn, and Pb, vhich are capable of supplying elsctrous to
the crystal, or they may be co-aciivators suck as Cl, Br, and I, which
are capable of receiving an electron in order to attain a more stable
configuration,

The starting material for this study was Sylvania zinc sulfide
phosphor, lot ZC~il3l. The sizes of the phosphor particles ranged be=-
tween ten to twenty microns. The powder was snow vhite, as iz character-
istic of sinc sulfide in extremely pure form. A chemical asnalysis was
performed on the phosphor by the Schwartzkopf Microarnalytical Laboratories
of New York City. No trace of copper, mesnganese, or chlorine was found by
their analysis, which was cepable of detecting one part per millicm of
these elementsa.

The impurities were introduced by wetting the zinc sulfide with =
solution containing manganous chloride salt {Fisher Scientific USP grade).
Five strengths of solutions containing from 102°Mn(:12 molecules Der €.C.
to 10 MnCl molecules per c.c. were prepared with deionized water.

The salt wvas weighed out using an anelytical balance which waz ag-
curate to within 0,1 mg. For the 50 ml flasks used, this error caor=-
responds to 6 x 1011‘ molecules per c.c., or six parts per milliom for

the strongest solution. The weaker solutions were then prepared by



diluting the stronger ones to avoid the weighing of an extremely smell
emcunt of salt. It was possible to measure solution volumes to within
0,01 ml, which represented a .0041% error in initial concentration of
doped material. The impurity sclution and zinc sulfide powder werxre
thoroughly mixed and wexe placed in an oven at 125°C until dry. The im-
purities were then present in the form of a coating around the phosphor
grains,

It was assumed that the amount of MnCL, which diffused into the
zinc sulfide was proportional to the amount originally added. This as-
sumption is based on Fick's law of diffusion which relates the net flux
J of atoms of one species in a solid to the gradient of the concentra-

(k)
tion N of this species

where D 1is a function of temperature.
The diffusion of these impurities into the crystals was accelerated
by firing the mixture at high temperatures. The temperature dependence of

D takes the following form:
D = Dy expl-i/kr)‘?) (2)

wvhere T is the absolute temperature, H 1s the activation energy for the

process, and D, is the diffusion constant.

(5)
Experimental procedures similar to those developed by Lehmann

were adopted. An oven temperature of 950°C was chosen for the firing
of the phosphors. A half gram of sulfur was added tc the phosphor priox

(6)
t0 each firing since Wachtel had observed that this enhanced




electroluninescence. Since oxygen quenched electrolxminescence”)’ a
Ary nitrogen atmosphere was used for firings of the phosphors.

The phosphor was placed in a quartz firing tube with & close
fitting cap. "™is quarts capsule vas then lowered into a ceramic mul-
lite tube. Dry nitrogen was circulated through the tube prior to, and
during, firing. The diffusion oven employed for the firings was cylin-
drical in shape, 13 inches long, and 1.6 inches in diameter. A Keithley
electrometer (Model 400) was used to monitor a thermocouple which was
placed at the center of the oven. The powder was fired in 10 gm portions
to insure wmiformity. After 90 minutes, the mullite tube was removed
from the oven and allowed to cool. The powder was removed, crushed, and
another half gram of sulfide was added. The entire firing procedure was
then repeated.

The powder was washed with deionized water to remove any of the
excess thla wvhich resided on the surface. These ions produce surface
conduction in the presence of high fields and decrease the efficieancy of
electroluninescence in the crystal vo].ume( 8), The phosphor was then
dried, crushed, gnd sieved. Phosphor particles ranged in size between
20 and %0 u.

Chemical analyses were also performed on two of the doped powders,
In both cases 307 of the MnCl, had diffused into the ZnS. It was as-
sumed that this was approximetely the case for all the powders. Fifty
grems of each concentration of powder were prepared. Roughly, one gram

of powder was necessary to make one cell. Powders were stored in a

desiccator until used in the preparation of electroluminescent cells,




b) Comstruction of an Electroluminescent Cell for Optical Measurements
195

A parallel plate capacitor construction with the phosphor
povder suspended in a dielectric between two electrodes was adopted.
The basic design of the electroluminescent cells is shown in Figure 1.
A plexiglas plate 2" x 2" x 3/8" served as a substrate material. A
transparent electrode of stannic oxide was deposited on the plates by

the supplier, Grimes Zep Aero Corporation.

Several dielectric materials were tested including clear lacquers,

wvater gless, silicone dielectrics and resins, and clear enamels, Dupont
Dulux Enamel, RK 190=clear, was finally chosen for several reasons. It

was resistant to penetration by water vapor and had a high breskdown

strength (1000 volts across a 1.0 mil layer). Its glossy finish provided

a regular surface for deposition of the gold electrode. The enamel did
not react with the phosphor and remained stable under repeated applica~

tion of high fields.

Five grams of phosphor were mixed with each 10 ml of enamel., Since

the enamel was 60% volatile, the ratio of phosphor volume to dielectric
volume was about three parts enamel to one part phosphor. The phosphor
grains wvere suspended in the clear enamel which hardened when sprayed on
the plexiglas substrate. This resulted in a good mechanical bond of the
dielectric layer to the transparent conducting leyer.

In order to develop high fields within the phosphor with moderate
applied voltages, the thickness of the dielectric layer wes kept small,
On the other hand, for uniformity of illumination and to elimipate the
possibilities of shorts through the 2ZnS crystals, the thickness should

be large compared with the size of the crystals. A comprcamise wazs made




between these conflicting requirements. The average thicknesses of cell
dielectric layers varied betwveen 1 and 3 mils. The change in thick-
ness over the surface of a given sample was controlled to within one
tenth of a mil. This represented a variation of 10% to 3.3%, depending
on thickness of the dielectric layer.

A gold electrode was then evaporated onto the dielectric layer.
Gold was chcsen since it was a good electrical conductor which was
chemically inert. A bell jar chamber, which was evacuated by means of
a mechanical pump in series with an oil diffusion pump, was used for
the gold evaporations. The cells were masked prior to the evaporation
of the gold in order to prevent shorting of the two electrodes.

Electrical contacts were made to the electrodes by means of washers,
nuts, and screws. It was observed that the humidity in the alir produced
a rapid deterioration of the electroluminescence of the cells. The detri=-
mental effects of water vapor on electroluminescent cells had been recoge
nized by Boberts(m). Therefore, all cells were sealed with a layer of
Castelite thermosetting plastic.

The phosphor containing lOlGMn012 molecules per c.c. was observed
to be quite poor in quality and was eliminated from the test. Approxi-
‘mately 30 cells were made from each concentration of phosphor, or about
125 cells in all.

Cells were also made from the pure Sylvania zinc sulfide taken
directly from the shelf. Although chemical analysis had not detected
any traces of Mn or Cl impurities greater than one part per milliong
it was not known what level of impurity contemination was necessary to

produce electroluminescence. The host material itself should not exhibit



any electroluminescence if meaningful results were to be obtained. Also,
in order to investigate the role of thermal dislocations in electrolumio~
nescence, the pure zinc sulfide was fired in the normal manner and cells
vere then constructed.

As discussed in Chapter IV, a), it is not feasible to use samples of
this type for EPR measurements, For this reason it was decided to produce
cells of a cylindrical type vhich differed from the above mentioned form
for two reasons, Firstly, in order to retain a good loaded quality factor
for the microwave cavity, all materials introduced into it should have as
lov a loss tangent as possible and, secondly, the samples themselves shouid
have a volume vhich is small compared to that of the cavity. Both objec-
tives were satisfied by the following construction. The phosphor powder
vas sprayed onto non-magnetic metal wires with dimensions of .06 - .08
inches dismeter and a length of about 10 inches., The second electrode
was again obtained by evaporating a layer of not more than .COl inches
of gold onto the phosphor containing dielectric. The thicknees of the
gold layer is somewhat critical since radiation at optical and microwave
frequencies must be capable of transmitting it, Figure la is a schematic
of this cell; however, it is not drawvn to scale, Since cylindrical cavities
were used for the entire EPR investigation, the cell could be placed eleng
the cavities' axis wvithout ruining either the quality factor or changing

the frequency of the cavity unduly,
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Chapter II -~ Optical and Electrical Measurements of ZnS:MnCl, Phosphors

Although the spectra of ZnS phosphors do not show any structure and
are therefore not useful for investigation of details of the electron kinetics;
it is still possible to obtain some understanding of the processes involved in
the transfer of electrons and their de-excitation. To this end, & variety of
properiies of Zn3 phosphors of different impurity concentration were measured
as a function of voltage and frequency.

a) Spectral Composition of Emission
First the spectrum of the phosphors was taken for a variety
of voltages and frequencies. The equipment used for this purpose was
& monochrometer of the Fastie-Ebert type. The mirror had a focal
length of 30 inches and the grating was 3 inches wide with a total

of 90,000 lines. The detector was a photomultiplier tube of the type.

Dumont 6292, whose output vas amplified and recorded on a Moseley
Autograph, Model 680M, recorder. The transmiseica coefficient of the
vhole system was calibrated with a tungsten standard lamp (N.B.S. -
QL 161),

The cells vere excited with an audio oscillator (Hevlett

Packard, Model 200AB) whose output was amplified (McIntosh, Model 40°

and stepped up by a transformer (UTC Type LS 52) to yield rms voltage:

of up to 1200 volts, A sketch of the experimental arrangement is de-
picted in Figure 2,

The output intensity is plotted as a function of wavelength
for a variety of frequencies in Figure 3. There appear two peaks,
one at ltT')‘O:, the other one at 58()0:,\0 It is to be noved in parti-

cular that the blus peak increases with increasing frequency while



the yellow one reverses itself. Nc such effect was observed for
constant frequency and variable voltage, es shown in Figure 4, In
order to ascertain how the bands change as a function of applied
frequency, the output over appropriaste wavelength bands was meagurad.
Figures 5 and 6 show the transmission characteristics of tae filtexs
and the experimental srrangement, respectively. The results are
shown in Figure 8, While the blue band increases monotonically up
to a frequency of about 8 Kecps, the yellow peak shows a clear peak
at about 3.2 Keps. It should be noted that although there is no
Justification to talk in terms of a blue peak, the output of the
blus band does :hﬁeed decrease beyond 8 Keps. A study of the bright-
ness (intensity) as a function of epplied voltage followed the well
(11,12)
knovn equation
B-Boexv(-lm (1)
vhere both B and A are constanis., It is possible to assign fre-
quency independent values to A if measured individually for tae %two

bands. Figure 7 is a plot of (1), i.e., the log B versus i//7
for three different comcentrations. It is seen clearly thet B does
indeed obey (1) over more than two periods. When measuring the values
of A as a function of impurity coucentration and applied frequency,
it turned out that except for minor variations only two distimct
numbers could be obtained, Table I, one for either band. These were
A= 80,2 ¢ 4,8 for the blue and A = 67.5 ® 3.5 for the yellow band.
(13,14,15)
Several authors reported in the past that A is frequency

dependent. However, this conclusion was drawn from the measurement

of the total brightness. It is clear that on the basis of the




b)

evidence presented above, we could interpret our results in the
game manner. On the other hand, it appears to ve somevhai more -
reasonable to define two freguency independent values fcir A,
each one asgsociated with one band and possibly with one activation
center or one de-excitation process.

In order to check vhether the frequencies corresponding to
the maximum ocutput of the two bands are field dependent, several

runs were made to determine the brightness as a function of either

one variable, The results are presented in Figure 9, whick shows

that there is no field dependence of the optimum frequency.
Brightness Waves

8till another approach to the problem consists in a detailed
exanination of brightness waves, By this is meant a study of the
light output in time as a sinusoidal voltage is applied to the
sample., One cbserves most often two output pesks for each half cycle
of the vcltage vava(ls)o Of interest is the relative chenge of the
phases of voltage, current, and light output., Since this problem
vas invostigated elsevhere® 6 we concentrated on only a few aspects
of this phenomenon.

The experimental setup is presented in Figure 10 and the bright.
ness waves obtalned for voltages of 150V rms and a varietly of fre-
gquencies are reproduced in Figure 11. As the frequency is incressed
from 50 cps to 5 Keps, tvo peaks are observed - the first ope de-~
creasing with frequency and the second one increasing with frequamzy(lﬂ

By the use of filters, it was determined that the blue emission was

located in the second peak while the yellow emission was distributed

%E., Conway, Dissertation, Georgetown University (to be published).




TABLE I

SLOPE OF BRIGHTNESS-VOLTAGE CURVES

AS A FUNCTION OF FREQUENCY AND
IMPURITY CORCENTRATIOR

Impurity Concentration

Mn012 molecules per

om3

Yellow Emission

1037
108
1039
1020

ke e SKe 10Ke
75.7 83.2 T78.6 80.8
16 80.2 TT.2 T9.0
81.3 85.0 81.5 T9.8
79.6 080.9 82.0 80.6

Blue Emission

eSKe e SKe
66.0 64,k 67.5
69.7 6T.5 70.1
67.2 68,5 65.3
66.2 67.8 68.0

10Ke
68.0
68.3
67.0
66.7



c)

over both peaks (Figure 12). Repeating these measurements for
different voltages showed thet the shepe of the output wave did
not change. The intensity of course did, according to Eq. (1).
Aging of Cells

In spite of the fact that ZnS phosphors have been invage
tigated very intensely, there stil) remain a large number of very
basic questions to be answered. Omne of the reasons for tuais
situation is, apparently, the fact that phosphors age(ln y 1oeq,
they lose their ability to emit 1light. On the one hand, this ef.
fect makes it difficult to compare resuits from different lebora~
tories., On the other hand, it is clear that Just this type of
behavior might give important information about the E,L. process
itself, 8ince the changes occur over long periods of time they can
easily be investigated. One interesting feature of this aging pro-
cess is that it only occurs while the sample is excited. In this
type of measurement it vas particularly important to protect the
cells against moisture since it is known to accelerate the aging
procen(la)o

The deterioration of samples was studied as a function of
frequency, applied voltage, and impurity concentration, Tue lumi-
nescence appeared to decrease in three steps -« a brief, rapid
exponential decrease, - a somevhat slower decay exponential - and
then a very gradual leveling off period. Since it i1s known that
phosphors exhibit hysteresis effects(lg) care has to be taken that
all cells to be compared are freshly comnstructed. Figure 13 shows

a typical decay curve for various voltages at 1000 cps for 230 hours
running time,
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It was found that for a given frequency and concentration,
the rate of decay was essentizlly independent of the applied
voltage. Figure 1l shows the decay of four samples of the same
concentration at 3000 cps. As can be seen, thelr rates of decay
vere the same within experimental error, However, the frequency
of the applied voltage greatly influenced the rate of decay.
Figure 15 shows the initial change in brightness for five similar
samples at different frequencies. Some authors have found that the
decay was a linear function of the total number of cycles which the
cell had experienced. This was not found to be the case here, but
it was found that the decay rate decreased with increasing concentra~
tion of impurities. In particular, it was found that the brightness
decrease during the second stage of the decay process could be repre-
sented by the equation

2o (%)

B =

1+ 1;/‘1,/2

vhere T1/2 is the pericd during which the brightness decreases by

a factor of tvo. The pertinent results are presented in Taebles 2
thru 5. Figure 16 shows 7t)/o for different frequencies and impurity
concentrations.

If one agsumes that the decay is due to an annealing process
that eliminstes E.L. centers, then the fact that the process is
voltage independent indicates that a diffusion process takes place
which is concentration controlled while the applied field merely trig-

gers the process.




TABLE IT

SRIGHTNESS

Impurity Concentration Half-Life of Decay (Minutes)
2K  1K¢  3Ke  JKe  10Kc
1ol7un012/cn3 750 300 150 90 55
101%c12/m3 980 3% 170 115 65
1019un012/cn3 — k20 225 130 80

102%012/12113 . 520 300 170 95
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TABLE III

DECAY TIMES T, AND T, AS A FUNCTION

OF VOLTAGE AND IMPURITY CONCENTRATION

Voltage
(rms volts)

Thickness of Cell
(mils)

g 8883 8EEBEE LS

200

1.4
1.7
1.3
1.5
1.5
1.h
2.1
2.0
1.5
201
2.0
1.7
1.5
2.1
1.7

2.1

Decay

Lo

e ®

B &€ B B ¥

N
8 8

8 8 ¥ e e 8 R

Times (Minutes)
T

300
286
300
330
350
345
365
340
ks

450
s
560
510
520
500
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TABLE IV

DECAY HALF-LIFE OF YELLOW EMISSION
AS A FUKCTION OF

Cell Type
Impurities/cm3

1018

1019

1020

Cell Voltage
(rms volts)

200
koo
200
koo

200

UERCY AND
TMPURITY CONCENTRATION

375

bL5
k30
5%
530

5Ke
125
120
150
155

225

215

Decay Half-life
Minutes

30Ke
80
80
105
100
120

125



TABLE V

DECAY HALF-LIFE OF BLUE EMISSION
AS A FUNCTION OF FREQUENCY AND
IMPURITY CONCENTRATION

_Cell Type Cell Voltage Decay Half-Life
;gggggtieslcn (xms voltaz (Minuggs)
iKe 2Ke 10Ke
1018 200 280 T0 4o
400 255 60 35
1049 , 200 340 85 50
400 320 75 ko
1020 200 110 125 60

koo 390 105 %




d) Relaxation Times

Observations were made of the cells under pulsed d.c. exci-
tation. When a square wvave pulse is applied to an electroluminescent
call, tvo pulses of light emission are generally observed(amo One
appears upon the application of the external field and the other
upon the removal of that field.

The light output was studied as a function of time for various
square vave frequencies and emplitudes., Figure 17 shows a block
diagram of the experimental apparatus. The output of the electro-
luminescent cells was monitored by a phototube (RCA 7265) whose
signal vas displayed on an oscilloscope, externally triggered by the
sguare wave generator. Photos teken of decay traces were analyzed
and output vs. time curves were plotted.

It wvas found that the light output as a function of time

could be expressed as follows:
I = Ie=t(l/7)) + Ie-t(1/1,) (5)

A typical semilog plot of brightness vs. time is shown in Figure 18,
The lower curve was obtained by subtracting the upper line from the
output curve. From these graphs the values of L3 and T, could
be obtained.

Filters were used to study the decay of the yeliow emission
and the blue emission separately. Testing was done at low frequen~
cies (20 to 100 cycles) since low repetition rates were necessary
to observe the decay. No variation of T, or T, was observed

1 2
outside of experimental error. For the yellow emission T, vas



£)

efficiencies were always found in the region below 100 cycles. Un-
fortunately, brightness at these frequencies was generally very
poor. It should be noted that only those cells whose light output
had sufficiently stabilized were employed for these relative ef-
ficliency measurenents.

Abgolute efficiencies were measured by using an Eppley thermo-
pile (Model 6010) with a response of .16 mv per watt/em?® of inci-
dent radiation. A potentiometer (Honeywell-Rubicon, Inc.-Model 2768)
was used to measure the putput of the thermopile. A power meter
Fluke-Model 102) was used to measure input power to the cells.

Figure 21 shows a block diagram of experimental apparatus.

Absolute efficiencies ranging from 0.1% to 2.3% were
measured. Electroluminescent emission trcm the cells was on the
order of .0l mw/ca@, Lowest efficiencies occurred et very low or
very high voltages and at very high frequencies. Nothing which
could be interpreted as a resonance effect was observed. The optimum
frequency of operation was Judged to be near 500 cycles, where both
brightness and efficiency were reagsonably high. The choice of
operating voltage depended on cell thickness, impurity concentration,
frequency, and previous aging of the cell.

Microscope Observation

The electroluminescent cells were observed with a low power
microscope (30 power). Emission occurred only in & relatively
small percentage of the crystals, perhaps 10%. The emission sppeared
as dots of light which were randomly scatiered over the cell surface.
As the applied voltage was increased, the light output from these dots

became more intense and, alsc, nev emitting areas appeared. As ithe




frequency was increased, the sreas of light emission became more
sharply defined and blue emitting arecas became very intense light
emitters.

The blue and yelloe emission originated in different loca-
ticns in the cell and appeared to be independent of one arother.

It was not possible to observe any electroluminescent lives ox
striations of light due to internal reflection and light scattering.
These had been reported in recent 11terature(21922)o

Electrical Characteristics

Cells were constructed by sandwiching a dielectric layer be-
tween two conducting electrodes so that it was expected that ihay
should behave electrically as a resistor-capacitor combination.
Thus, any anomalous behavior could be interpreted as effects pro-
duced by the phosphor grains in the dielectric layer.

The resistance of the cells was greater than 500 magohms Bgo
that no direct currents were detectable through the cells. However,
alternating currents vere cobserved to increase as a lineer funation
of frequency (Figure 22). The phase angle between the current aud
voltaege was always found to lie between 90° and 86°,

The equivalent circuit for the electroluminescent cells wss
established from the sbove data. A resistor R in parsllel with »
capscitor C possesses the electrical characteristics which wvers

observed for the cells. For such a circuit

T
[#aY
e

11, -
z g4 C

where Z 1is the impadance of the parallel combinetion,



e)

found to be 0,10 ¢ .01 msec and ¥, was 0,47 2 .05 msec. For

the blue emission T; was measured toc be 0,10 2 .02 and 15,

was measured to be 0.97 * .06 msec. Pigure 19 shows & typical
gscope race of light output vs. time for a square wave applied ic
an electroluminescent csll. The inaccuracies involved in the
photographic technique are responsible for the rather large devig-
tions of the measured relaxation times,

Cere must be teken to separate d.c. and a.c. effects here.
Some samples which conduct a.c. currents were found to exhibit
constant yellow emission during the entire duration of the applied
square wave. This was superimposed on the emission which occurs
vhen the field is applied and removed, which made analysis difficult.
Efficiency Measurements

The efficiency of electrolumineascence is of interest from
both fundamental and practical viewpoints. The efficiency for an
electroluminescent cell is defined as the ratio of the light cutput
pover to the electrical power input. In general, maximua light out=
put and maximum efficiency can not be ohtained simulteneously-

Relative efficiency measurements were taken to determire the
voltage and frequencies at which maximum efficiency occurred. Abso-
lute efficiencies were measured to obtain & rough idea of the pro~
bability of phonon emission relative to phonon emission in the pro-
cess.

Relative efficiencies were measured using the gpparetus in
Figure 6 to which a power meter (Fluke-Model 102) was added.

Figure 20 shows a typical efficiency vs, frequency curve. Peak
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The current I vhich will flow when a voltege V is

applied is then

v_v
I'E'ﬁ'(l*du@) (N

Bince the resistance R is extremely large, Eq. (7) can be

approximated by the expression
I = juCV (8)

This predicts that the current will be a linear function of
frequency and will be 90° out of phase with the applied
voltage so that it describes the electrical behavior of the
electroluminescent cells.

Power consumption for a typical sample wvas a few tenths
of a watt. Figure 23 shows the variation in electrical power
input as a function of applied voltage frequency. The input
pover was measured by s Fluke power meter (Model 102).

It was previously esteblished that the cells age more
rapidly at high frequencies. Attempts have been made to explain
this decay in terms of frequency ‘“m'(zsﬁh)o Hovever, it
seemed that the input power to the sample might be an importent
factor in the decay process. Figure 23 shows the rapld increase
in the input power as the frequency incresses. This energy
must be dissipated in the crystal and could serve to trigger

decay mechanisms,
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h) Characteristics of Undoped Phosphors
Chemical analysis had shown that the host Sylvania zinc

sul.fide was essentially free from impurities., However, as & pre-
cautionary measure, cells were made from the undoped, unfired
powder to see if any electroluminescence might be detected. No
electroluminescent output was observed. The sensitivity of the

phototube was sufficient to detect 10712

wvatts of radiation.
Next, the undoped powder was prepared in exactly the same
manner as the doped powders except for introduction of impurities.
These cells exhibited a faint blue electroluminescence which in-
creased with frequency and voltage. Lack of sufficient intensity
Prevented the measurement of the spectral emission. However, the
relexation times of the blue light were measured. The output was

found to decay, as predicted by Eq. (5).

Is= Ile-t(lltl) + Iae-t(ll'ta') (5)
The values of L2 and T, obtained were " 0,19 ® .0k
msec and v, = 1,10 ¢ .08 msec. These times would seem to indicate

2
that the blue emission observed in the undoped powder may be due to

the same mechanism responsible for the blue emisaion in the doped
powders. Also, it was considered significant that the blue emission
vas produced by heating impurity free ZnS to a sufficiently high
temperature. The intensity of this light appeared to depend on the
introduction of atomic sulfur into the phosphor prior to firing.
Alexander, et uo(zs), had noticed a blue emission in Zn8 after
firing but did not link it with sulfur. Zinc vacancies were postu-
lated as the blue luminescent center. However, the introduction of

the impurities appears to enhance this blue emission,




Chapter III - Discussion and Interpretation of Results

a)

Basic Theory of Electroluminescence

For reasons of completeness, we start our discussion with a brief
elementary review of accepted ideas on electroluminescence. In a
crystal, certain allowed energy states are available for electron occu~
pation as a result of the crystalline potential. The introduction of
impurities perturbs the potential function and introduces new allowed
energy states, When transitions involving these states yield visible
radiation, a luminescent center is said to be present.

To explain luminescence, only dipole radiation need be considered
s‘incc the emission probability for the various multipole orders decreases
by a factor of approximately (a/A)° each time the multipole order changer
by one. Here a is the source dimension and A 1s the wavelength of
emitted radiation. For visible luminescence (A = 50(_)0;9) fron atoms
(e = J.R), the factor a/A is 1/5000., Thus, quadruple and higher order
radiations are negligible compared with dipole radiation.

To obtain electroluminescence, the electrical energy from the applied
field must be converted into visible radiation. In general, this conver=
sion process will involve three separate proceases(26)o Initially, an
electron must be excited, directly or indirectly, by the applied field.
Secﬁnd]y, the excited electron may be transported through the crystal to a
region of de-excitation. Finally, the de-excitation occurs with subsequent
emission of radiation. These processes are generally described by means of
the band theory model or the configuration coordinate model.

The band theory m1(27) is based on the general quantum mechenical
treatment of the interaction of valence electrons with the three dimensional

periodic potential of the crystal lattice. When individual atoms are brought
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together to form a crystalline lattice, the characteristic energy levels

of the individual atoms are broadened into bands of allowed energies

wvhich msy or may not overlap. The introduction of impurities into a
crystal often produces allowed emergy states between these bands. Just as
the electrical properties of semiconductors are dominated by impurities, tha
luminescent properties of phosphors are dominated by locelized activator
and trapping states in the forbidden band.

A composite band theory analysis of luminescence is shown in
Figure 2k, In general, an electron can be excited either from the
valence band or from an impurity level to the conduction band. Both
the positive hole and the excited electron may migrate through the lattice
until emission occurs. The electron then falls back down to either the
activator level or the valence band. The wavelength of the emission is
determined by the difference in energy levels. DBetween excitation and
emission, trapping may occur. Electron traps are shallow levels in the
forbidden band in vhich conduction electrons may reside temporarily.

The principal limitation of the band model is that the particuler
energy band and levels are characteristic of a particular crystalline
configuration. As a result, atomic rearrangements that occur during
luminescence are ignored. Thus, the model does not indicate the origin
of the large quantum difference between absorption and emissicm energies.
Also, it does not suggest the pronounced broadening of excitation and
emission energies with temperature. The band theory model is especislly
suitable for interpreting luminescence phenomena involving the transpcrt
of electrons through the lattice. If the sbsorption and emission processes
involve transitions between states peculiar to the activator iomn, the energy

bands of the lattice ave not involwved so that snother modsl mist de applied.
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The configuration coordinate model exphasises atomic rearrange-
mants. In order to describe transitions and rearrangements occurring in
luminescent phenomena, & useful simplification is to define a center.

The center is the ion undergoing alect-r#nic transition plus a group of
neighboring ions participating in the rearrangement. This assembly of an
excited particle interacting with neighbors is at times referred to as an
exciton. To a first approximation, a single set of potential energy
curves are used to describe the ground and excited states of the system.
The energy curves are generally parabolic and excited states can be treated
as a series of equally spaced vibrational levels. The curves are dis-
Placed with respect to each other along the coordinate axis since excite~
tion causes a redistribution of the electronic charge. This caused the
atoms to shift to new equilibrium positions vhich minimize the total
energy. Figure 25 shows a typical luminescence process in terms of a
configuratiocnal coordinate diagram.

In simple luminescence involving only ground and emitting states,
absorption consists of an electronic transition directly to the excited
state, This occurs vhile the stomic configuration of the ground state
is maintained since the excitation process takes place quickly, before
atoms are able to shift to new equilibrium positions. (Frank-Condon
principle(zg);) Emission occurs, maintaining the atomic configuration
of the excited state. |

This model clearly emphasizes the rearrangement energy as the
origin of the difference in excitation and emission energies. In addi-
tion, the modsl indicates that the atomic configuration, other than the

one of lowest energy, has finite probabilities, As a result, all
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optical transitions will be broadened and broadening will be temperature
dependent., The configuration coordinate model treats each center as in-
dependent so that the rates of excitation, rearrangement, and emission
dapend on the number of centers in the state undergoing the change. There-
fore, a monomolecular mechanisa should dominate for this analysis to be
valid.

Activator systems possess either energy levels which can be iden~
tified as free ion states perturbed by crystalline interactions or those
vhich can be better approximated by perturbed states of the crystal band
structure, The first type is usually characterized by deep-lying levels
frequently below the forbidden gap and emission occurs at the excitation
site. These activators are usually excited by inelastic collisions or
resonance transfer. The configuration coordinate model is employed to
interpret the electroluminescence in these cases, The second type of
activator is characteriszed by a ground state above the top of the valence
band and excited states near the conduction band., Excitation of this type
of activator may occwr by capture of charge carriers or by inelastic
collisions. If ionization occurs in a region of high field, carriers
are immediately swept from the excitation site. The field must then be
removed before conduction electrons are able to return to this region and
enission can occur.

b) Mechanisms Responsible for Electroluminescence in ZnS:Mn:Cl

The host lattice in this study was cubic ZnS., Each atom had about
it four equally distant atoms of the opposite kind, arranged at the coramers
of a regular tetrahedron. The band=gap of cubic ZnS has been measured to
be 3.7 ev(30)°

S8ince manganese is divalent, it replaces a 7zn** ion in the lattice

structure. On the other hand, chlorine should be found at interstitial




locations in the lattice as Cl= because of its diamagnetic character

in Zn3S., Manganese, present as a substitutional impurity, is responsible
for yellow=orange emission in several electroluminescent materials. It
vas postulated early that manganese luminescence in ZnS:Mn must be due
tc an electronic transition within the manganese :l.on(:ﬂ')° This impurity
system possesses deep-lying levels, well below the top of the vealence
band, vhich caen be approximately described by states of the free divalent
ion. Regardless of the ionic or covalent character of the crystal binding
in a material, the emission involves states with a 33’ electronic configue

ration. The stable configuration of a neutral manganese is as follows
m 1'2 2'2 2p6 332 @6 3d5 “20

The energy level system for the free manganese ion Mn** possesses
the spherically symmetrical 08 state as the ground state in vhich all
3d electron spins are parallel(sa)o The first excited state may be ap-
proximated by the x‘(} state vhich has one spin reversed. Although ihe
quentum numbers L and J lose their meaning in a swrrounding which does
not have spherical symmetry, they are still used for reasons of convenieace
of notation.

The resultant change of multiplicity because of spin reversal leads
to tvo results. First, the transitions between the ground state and ex-
cited state are forbidden. BSecond, manganese in the excited state should
have a decreased magnetic susceptibility of two Bohr magnetons per atom.

The susceptibility is given by

R (9)

where B = ‘j;"';’ {Bohr magneton).




The effective Bohr magneton number is usually expressed by
1/2 )
uegd(J+1) | {10)

Thus, a change in multiplicity should be detecteble experi-
mentally. Johnson and W:lllim( 33) found a chenge in susceptibility
of the order of magnitude predicted. BSeveral perturbations are pre-
gent in the crystal wvhich csuse a mixing of atates and & losening
of the selection rules. These include the crystalline field, the spin
orbit interaction, the exchange coupling of m*t pairs, and the phonon
coupling(u’., The remote possibility of the ionization of the mangeanese
center upon excitation is illustrated in Figure 26. The location of the
tvo lowest energy states of the 3d° electron configuration are shown
relative to position of the conduction band in szinc sulﬁ.de(l)f. It is,
therefore, concluded that the yellow emission is a result of trensitioms
within the manganese ion. The energy for transition is provided by
either direct collision excitation or the Mn ions by charge carriers
or collision excitation of forbidden gap states from which ozcurs a trans-
fer of energy to Mn atoms.

Configuration coordinates explain the difference between the absorp-
tion snergy of 3,32 eV and the cbserved emission energy of 2.1 eV,
Figure 27 shows the configuration coordinate analysis for mangenese in
cubic zinc sulfide. Since the emission was similar to that previously
observed in ZnS:Mn, it is clear that the introduction of chlorine into
the lattice did not perturdb the manganese luminescent center essentielly.

The other band of emission was centered at hsooﬁo This indicated
that it vas the same as the blue emission which had been observed in

(3k)
ZnS:Cl, Bowers and Melamed suggested that emission occurred at &
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(35)
C1® site or at a zinc vacancy. Kroger hes suggested that a zinc

vacancy vith one electron missing from an adjacent sulfur is ﬁi?ﬁ‘m‘ii‘il@-cn
Zn* centers have also been suggested. Kodn.(36) and Prener and Willimu?;
suggest the associalion of a zinc vacancy end a chlorine ion.

Bowers and Melamed found that the center responsible for blue ¢mis-
sion in ZnS:C1 was diamagnetic. Thus, paramesgnetic Zn* ione can ve
eliminated as posgible luminescent centers., Singly ionisged chlorine
possesses shallow energy states near the conduction band so that it does
not allow for transitions which yield visible radiation. 2Zinc vacencies
are negatively charged sites which would not provids low energy states
for the de-~excitation of conduction electrons. Thus, none of the proposed
mechanisms for the blue emission seemed satisfactory. A new mechanism
will, therefore, be proposed which was consistent with the data gathered
during this study and that found in the litersture.

A Rew Model for E.L. in Zn8:MniCl,

The blue emission band was centered at hSOOK and its intersity in-
creased as the concentration of impurities increased. However, a faint
blue emission was also observed in the absence of impurities. The re-
laxation times for the blue emisaion were measured to be roughly .02
and .1 m/sec. The brightness of the emission decayed with oparating
time of the cells, according to Eq. (4). The brightness relaticn as a
function of voltage and frequency was also determined. A new mechanism
nust be able to explain all these phenomena.

It vas a curious fact that blue electroluminescence had been re-
ported in ZnS vhen any of s variety of impurities had been addad,
such as Cu*, Ag*, Br=-, I-, and Ci=, The blue emission was 80 common

that it seemed to be charscteristic of the host lattice, As a reanlt,




ginc vacancies had often been proposed ss the gource of the blue emission
in ZnS. Blue emission vas also obsarved when pure zinc sulfide ves
fired in the presence of atomic sulfur. These observations provided the
framevwork for the formulation of a new model for the bliuve electrolumines=
cence.

The new model was developed as follows, A common effect of the in-
troduction of McCl, into ZnS and the firing of ZnS at high termpers-
tures is the production of Zu** interstitial ions. These ions do not
serve as luminescent centers in themselves. However, suppose that & co=
activator, such as chlorine, is introduced intc the host latiice, Studies
of the magnetic propéryies of ZnS:Cu:Cl have shown that chlorine is
present in ZnS a8 Cl™. These C1™ 1ions are capable of combining with
Zzn'* to form a center of the type (ZnCl)¥. BSuch a center is similar
electrically to Cu"", lAg"', and Au" which possess snergy levals in 7nS
approximately 2.7 av below the conduction band, Also, thies center is
diamagnetic, as has beenl observed experimentallgg‘h) o Collizjon excita-
tion of this center ejects the alectron shared between the zinc and the
chlorine ions into the conduction band end it iz swept eway by the elec-
tric field, When the field is removed, elsctrone flow back to the regicn
of the center and fall into the poteniiel well created by the doubly
jonized (ZnCl)** center, which results in the emlssioa of radistion.

The intenaity of the radiation'depemda on the number of luminescent
centers which are a function of the impurity concentration. Essentially,
it is being proposed that the co-activator chlorine cembipes with divaler:
zine to form an effective activator center of the form {ZaCl)¥.

This model does not explain the blue emission which occurred in the

sbsence of any impurities. It was observed that this emission was
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anhenced by the }ntroduction of atomic sulfur prior to firing. Intro-
duction of interstitial sulfur could result in the formstion of some

S~ ions. These ions could combine with Zn** ions to produce & center
of the type (Zu8)* vhich would behave in the same manner as the (ZnC1)*
center. Thess centers would be paremsgnetic and explain the temperature
dependence of the susceptibility of pure zinc sulfide which Bowvers end
Melemed had oboerved. Also, they explain the enhencement of thes electro=-
luminescence vhen powders were fired in the presence of atomic sulfur,
Most luminesceut centers vere created under these firing conditions and,
thus, the probability of excitation and emission was increased propore
tionately.

The blue emission was, therefore, attributed to two different
centers. In general, the (ZnCl)* centers were much more numerous than
the (ZnS)" centers, vhich vas evident from the relative intensities of
the electroluminescence in doped and undoped phosphors. The measure-
ments which were made during this work will now be interpreted in terms
of the proposed luminescent centers.

Correlstion of Proposed Nodel with Observsticns

To review briefly, it vas estsblished that the electroiuminescence
observed in ZnS:Mn:Cl consisted of two separate bands of emission. One
band vas centered in the yellow at 5860& The other band was centered
in the blue at hsooﬁ., Transitions within the divalent manganese icn
were proposed as the mechanism for the yellow emission. Iuminescent centers
of the form (ZuS)* and {ZnC1)* were proposed as the source of the blue
emission. The characteristics of the electroluminescent cells must now be

correlated with these proposed models. Injection of carriers from a



conducting electrode into ths crystals was not possible so that no exter-
nal supply of carriers was available. New charge carriers to meke up for
radiative recambination losses had to be created somewhere within the
gample. A certain number of carriers arose with known statistical proba~
bility from thermal agitation. Introduction of impurities into a semi-
conductor increased the probability of electron excitation into the con-
duction bend, In ZnS:Mn:Cl the C1” iopns yield their exira electror
to the conduction band if they are sufficiently excited.

A certein minimum energy is required to produce an excited activator
center. A conduction electron which is in an electric field intensity E,
acquires the energy vhich is necessary for excitation of an activator
system by an inelastic collision, if it traverses a path L without being
scattered. The probability of en electron experisncing a path greater

than L is given by the expression

Ps ’-L,A (11)

vhere A 1is the mean free path of the electron. The erergy acquired

from the field over a path L will be

€ = eEL -.zl;nv? (12)
Solving for L
LB . Y2me (13)
2¢E 2eE

The maan free path A of the electrons in the crystal is the inverss
of the frequency of collisions of electrons with lattice phomons.
/A= ¢ (1k)
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Substituting Eqs. (13) and (14) into Eq. (11), the probability
of an electron acquiring an energy € 1in the presence of a field E

is obtained

{

P=exp - (15)

E

Therefore, with very strong fielids, the average caonduction electron
will ecquire snergy from the field faster than energy is lost to late
tice phonons., It, thus, attains sufficient energies to collision
ionize impurities or valeance electrons. To obtain electron energies
of 2.5 eV, fields on the order of 106 v/ea are necessary.

In the presence of the high fields necessary for electrolumines-
cence, the consequences of dielectric breakdown are avolded because of
the inhomogeneous field distribution in the crystal. Extremely high
fields exist in some regions where breakdown conditions are not approached
because of the existence vor potential barriers.

The initial application of the fisld releases electrons from shallow
traps into the condueﬁion band. These Jjoined thermal carriers already
present. These conduction elactrons were accelerated by the epplied fiel:.
Some carriers achieved energies sufficient to ionize & (ZnCl)* center or
transfer energy to a Mn** center and excite it intermnally. Thus, both
the blue emission and the yellow emission were dependent on charge carrier
collisions.

The excitation mechanism described ebove was cousistent with obsarves
tions made during this study involving constant applied voltegss. It vas
found that d.c. electroluminescence could bes observed if electrons vers ip-

Jected into the crystals from one of the electrodes. These injected
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carriers were accelerated across the dielectric continuouely and a rone
stant light cutput was observed. If no carrier injection occurred,
eleatroluninescence vas only observed upon spplication and removal of
the d.c, voltage, Therefore, accelerated ccnduction electrons were the
mechanism of excitation in ZnS:Mn:Cl,.

In the normal cells in vhich no direct currents were present, an
electric field accelerated carriers to the boundary lzyer of the crystal.
For microcrystals embedded in a dielectric, this boundary wvas impenetrable.
Negative carriers accumulated at the positive boundary and formed a space
charge. A corresponding slectron deficiency constituted a positive aspece
charge in the remainder of the crystal. Some of the free electrons pro-
duced by the applied field were trapped. When the external field vas
removed, part of the polarization charge decayed quickly in a time
similar for build up. That portiocn of the space charge consisting of
electrons in traps decayed very slovwly at a rate determined by the thermal
release of trapped electroms, This analysis i1s consistent with the relaxa~
tion time measurements, vhich showed two stages of decay. Acceleration
occurred in the volume of the phosphor although potential barriers at the
surface influenced carrier motion. The rate of recombination of carrisrs
was governed by the potential distribution of the polerization which had
been established by the external epplied field. Piper and Uilliam(?‘e)

gave an expression for the electric field intensity due to such a space

charge layer.

L
B(x) = -(&;’%ﬁ) (1 - x/d) {16)
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wvhere 4 1s thickness of layer
V 4is applied voltage
n is density of carriers
k 1s dielectric constant of crystal.
This potential barrier is referred to as a Hott-Schotm(sg) X~
haustion barrier. The electric frield is proportional ¢o the square roct
of the applied voltage. If trapping or activator levels are present, e

field could empty these levels with the probability
P = exp (~c/eEr) (17)

vhere ¢ is the energy of the level
E 1s ths electric field intensity
A 1is the mean free path,

For this barrier field in particular

P = exp (+ ¢/e87VA), (18)

This type of probability would agree with the observed brightness
relations for ZnS:Mn:Cl which take the form

B = B, exp (~A/"V) (3)

The constant A would then be linked with the depth of the trapping
levels vhich vere evacuated by the field and the activation energles necses-
sary to excite the luminescent centers. The larger value of A obtajined
for the mangsnese emission energy of 2.1 eV vorsus 2.7 eV for ths
(zZuc1)* center,

Although ihe manganese centers did not provide any of the conduction

slectrons which made up the space charge layer, they were dependent on these
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accelerated charges for excitation by collisions in the same manner as
the blus centers. Therefore, it was not surprising thet both emission
bands possessed the same type of brightness versus voltage cheracteristics.

The frequency dependence of the emissions was explained by similar
analysis. The brightness increased linearly with frequency at low fre~
quencies since conduction electrons vers making more traversals of the
crystals and, therefore, exciting lumirescent centersz more freguently.
Eventually, saturstion of brightness occurred wvhen ﬁha relaxation times
of the luminescent processes became longer than the period of the epplied
field,

Also, brightness waves wvere interpreted by means of this mocdel,
For each cycle of the applied field, donor ionigation, alectron accelera=
tion, and excitation of centers began anew. The maximua peek occurred
vhen the polarisation field and external field, vhich had just reversed,
supported cne another. Yellow emission occurred before blue because its
relaxation time is smaller. Physically, this was reasonable since the
manganese center did not require the return of carriers from other regions
of the crystal in order to undergo de-excitation.

We can summarize this treatment as follows. It vas proposed that
& space charge was built up at the opposite surfaces of a crystal. This
build up resulted in the establishment of a Mott-Schottky potentiel bax-
rier whose electric field was proportional to the square root of the ap-
plied voltage. Rlectrons which had fallen into traps were relzased when
the external field was removed, Carriers wera accelerated through %he
bulk of the crystal. Electroluminescence only resulted in regions where
carrier density and electric fields were sufficiently high. This expla~
netion was in accord with the experimental measurements of brightness,

brightness vaves, and relaxstion time made during this study.




-39 -

The aging of the electroluminescent cells was a difficult phenone
enon %o explain, The brightness of the cells was observed to deteriorsate

as expressed by Eq. (&)

- p §
B = B, 1‘7,‘57-;;72 , (u)

It was observed that 7y /2 vas & function of the applied frequen~
cy and impurity concentration. Figure 28 shows the £it of experimental
date to an equation of the sbove form for cver 200 hours of test on &
typical cell.

The consensus of tne work done by others was that the aging tcok
place dus to purely phys.csl processes within the phosphor grain itself
Roberts(m) had ruled out & change of dislesctric constant and conductivicy
of the supporting dlelectric as the cause of decay. Effects of moistura
vere dismissed because cells vere sealed. The electrical charscteristics
of the cells remained essentially unchanged which tended to support thess
sactaptions, Care was taken to avoid use of cells which showed eny signs
of sparking or breakdown. Thus, it was assumed that any decey in electro-
luminescence should be interpreted as changes in the phosphor. Aan attempt
was made to correlate the decay of the brightness in Zn3:Mn:Cl %o the
luninescent centers that had been proposed.

Consider the general form of a second-order rate equation involving
the concentrations of two types of substances A and B(u)o Here A
represents (ZnCl)* centers and B represents C1™ d{omns.

dA =" Q;.I!
T wmkW(a) (195
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Suppose n, aud m, are initial concentrations of A and B
and let x be the decrease in concentration of A and B for the

reaction A + B = products. Then
dx/dt = k(n, - x) (my - x) (20)

If m and n are equal

- 1 ! -
¢ 1/k (o, = x) kn, (21)

Now if electroluminescent emission is directly related to6 the
nunber of emission centers n vwhere

5ansdx (22):
R T BT o
Substituting (22) in (21)

t = 1/kn = 1/kng (23)"

Solving for the mumber of enission centers n at any time &
- ﬂ&kn? (24)
Thia result was interesting since the predicted decrease in the
number of luminescent centers with time was of the same form as the obe
served brightness deterioration provided that. the following equality wvas

asgumed
mo = l/‘l/a (25)

The half life of decay was, therefore, a function of the concen-
tration of the luminescent centers and the rate constant. It waa con-

sistent vith measurements which indicsted an increase in 1/2 with




increased operating time. This was attributed to a decrease in the
number of luminescent centers in accordance with Eq. (25),

If for every (ZnC1)* lumminescent ceuter there was a free C1™ icp
diffusing through the lattice, the above equations would govern the
recamblnstion of these ions. (ZaCl)* and 1~ vould combine to pro-
duce stable aClz. T™is would be an irreveraible process and would
result in the reduction of the nuzber of luminescent centers ot o rete
predicted by Eq. (2k). Ma*™ should be the dominent factor in the pro.
duction of Zu™ vacancies. There are two Cl™ dions for each Mg**
fon, Thus, haif of the 1" fons sould combine with zinc vacancies
mmmwmummam through the lattice. The
rate of diffusion of the chiorine ion would determine the rate of decay
for the proposed mechaniss. Jctfouz) had studied the deterioration of
electraluminescence of Zo8 which was doped with either chlorine,
bromine, or iodine, If the diffusion of the kalide ion was involved, the
rate of decay of these phosphors should differ. 8ince the heavier
halides were less mobile, these should have decayed at a slower rate,
This hypothesis wes borne out of Jaffe's results, 2Zn8:C1 decayed more
repldly than 2ZnS:By or ZnS:I, The mobility of these halides definitely
appeared to be linked to the decay of brightness with operating time.

Therefore, a conclusion of thiz study was that the decay of the
electroluminescent blue emission in ZnS:Mn:Cl was the result of the
annihilation of (ZncCl)* luminescent centers by means of diffusing C1~
ions.

However, the Yellow mangsnese emission vas also cbserved to decsy
vith time. This need not be explained in terms of the reduction of

kanganese centers, Manganese ions were dependent on accelerated charge



carriers for excitation by inelastic collisions. For each (ZnCl)*
duminescent center which was annihilated, a potential electron carrier
was lost. Thus, fewer electrons were avallable for ionization iato
the conduction band as time increased. Fever carriers resulted in a
reduction in the probability of manganese excitation. The slower rate
of decay observed in mengansse was attributed to several factors. The
number of Ma** 1luminescent centers remained relatively stable wheress
the (ZnCl)* centers were reduced in number. Also, the yellov emission
(2.1 eV) was of lower energy than the blue emission (2.7 eV) so that
& grester percentage of electrons were capable of exciting the yellow
enission and @ loss of carriers was not so critical.

Another aspect of the aging to be explained was the strong despen-
dsnce on the frequency of the applied field but little dependence on the
amplitude. This phenomenon had never been satisfactorily explained
although similar frequency effects had bsen obsemd( h3)° An snalysis
of the problem vas attempted.

It vas assumed that the diffusion of C1l” ions was responsible
for the observed decay in brightness. Decay occurred only during oper=
ation of the cells 80 that thermally induced diffusion of chlorine at
room temperature wvas not responsible for the decay. 8ince decay was
observed during cell operation, some uxthora(u) have concluded that
field enhanced diffusion of ions was responsible for the decsy. This
vas possibly the mechanism for the observed decay of d.c. electro=
luminescence in which an ion would feel a constantly applied force in
the same direction. However, in an a.c. field, the average of eiec=-
trical forces exerted by the field on the ion cancels. Also, since

studies made here failed to detect any influence on the strength of the
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applied field on the decay rate, the conclusion was reached that the
force qE exerted on the ion was not responsible for the observed
deterioration wnder a.c. conditions,

It was observed thet at lov frequencies of operation (below 250 cps)
the brightness remained assentially constent in time. As the frequency of
operation vas increased, the rate of decay increased. It was difficuit to
explain how the applied frequency could so drasticelly effect the decsy
rate. There was the possibility that it was not the applied frequency in
itself vhich was the source of the deterioration but rather some frequency
dependent parameter, The input power to an electroluminescent cell in-
creased quite rapidly as the frequency was increased (Figure 23}, Also
the efficiency of the cells vwas greatly reduced at high frequencies 86 that
a greater percentage of the energy was absorbed by non-radiative processes
such as lattice vidbrations. Studies made here showed that even the best
cells were only about two per cent efficient. The electroluminescence wes
confined to very small regions of the phosphor. As a result, local temper-
atures in the region of these high fields and currents were much higher
than the average temperature of the cell. Cells which were operated st
high frequencies over long periods became hot to the touch so that local
temperatures could be quite high.

This cell behavior suggested the thermally induced diffusion of
Cl™ 4ions rather than the field assisted diffusion which had been Pro=
posed in the literature. Thermal diffusion of chlorine should obey Fick’s
lav given in Chapter I,

J°-D exp - H/kT grad N (1)



- bl =

At low frequencies the input powver was 80 asmall that the temper-
eture of the phosphor dielectric lsyer was not sufficient to affect the
diffusion of ions, Thus, no decay was observed, As the frequency was
increased the input power increased so that local temperatures rose and
stimulated the difrmioh of C1™ 1ioms,

S8uch a hypothesis vas also consistent with the observed decay of
cells with different amounts of dopant material. At higher concentra-
tions of impurities, the likelihood of nearby C1l™ ions was increased
80 that the term grad N 4n Eq. (1) vas decreased. The diffusion rate
of the impurities would be slowed and, therefore, the decay of brightnens.
This was exactly the bahavior that was observed in the cells. The more
highly doped powders deceyed at a slower rate., At the same time these
highly doped powders had a greater light output.

This analysis also explains vhy the dielectric material, in which
the phosphor vas suspended, influenced the rate of daclw(h‘j)o The aging
rate will depend on the ratio of the energy dissipated in the dielsctrie
to the energy dissipated in the phosphor. Thus, it would be expected
that the choice of the dielectric layer would affect the rate of decay
since it influences the enargy distribution between it and the phosphor.

Thus, thermally induced diffusion of the C1~ iom to (ZnC1}"
centers was proposed as the mechanism responsible for the decay of bright-
ness with time in ZnS:Mn:Cl. This mechanism was in accord with the ex-
perimental evidence which was gathered during this study and which had
been reported in the literature.

A brief summary of the relaxation time studies will now be given.
It vas observed that all cells emitted light on the application and ree

moval of a d.¢, voltage, The latter emission vas alvays larger than the
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initial pulse. This was easily explained in terms of the Mott-Schottky
barrier discussed earlier. When the field was applied the internal
polarization field opposed the external field so that carrier accelera~
tion wvas reduced. Howevar, when the external field was removed the polari-
sation field was unopposed so that greater energies were attained by car-
riers. Thus, more luminescent centers are excited.

The emission which ~ccurred upon the removal of the external field
took the form of a double exponential decay with one process occurring
more rapidly then the other. The field-assisted release of carriers from
traps near the conduction band explained this two stage decay.

Conduction band electrons in the space charge layer were immediately
released vhen the external field was removed and were characterized by re-
lexation time v, in Eq. (5). The release of trapped electrons dominated
the second stage of the output with relaxation time Tae The measured
values of ¥y and T, were weighted averages of emission from thousaunds
of microcrystals of varying siges, electric field intensities, and carrier
concentrations. Since the electric field of the space charge layer in
each individual microcrystal vas the determining factor for the relaxation
time, this made it impossible to interpret the average relaxation times in
terms of specific trapping levels. Also, there is evidence(hs) that the
alignment of the crystalline axes, with respect to the applied field, was
important in electroluminescence due to anisotropy of 2ZnS. In these
povder cells random alignment vas present which served to further compli-
cate natters. It seemed that single crystals, rather than crystalline
powders, were necessary to obtain accurste relaxation times since problems
due to crystalline alignment and averaging would be eliminated. However,
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the measurement of the relaxation times of these powder cells did serve

a useful purpose since it supplied further evidence for the model of
electroluminescence that had been proposed. For example, the saturation
of cell brightness with increasing applied frequency was consistent with
the relaxation time measurements. The distribution of the yellow and
blue emission in the brightness waves was explained by the results of
the different relaxation times which had been found for each emission.
Also, possible trapping of conduction band electrons was suggested by the

measurement of the average relaxation times.



Chapter IV - Magnetic Properties of ZnS:Mn:Cl,

e) Some General Considerations

In spite of the large amount of work already done in connection
with ZnE phosphors, it still remains a partially puzzling problem.
It might well be that the reason for this situation is determined by
the fact that for E.L. to take place rather complicated situations have
to exist. In order to get a handle om this kind of a situation, it be-
comes necessary abt times to solve only & small part of the whole problem.
Electrically E.L. cells are lossy capacitors and optically they are
broad band emitters. Neither aspect is apt to yleld a great deal of
detailed information about the electron kinetics of the process., Clearly,
since the emission occurs in the visible part of the spectrum the in-
volved transitions must be at least in part electromic in nature. One
obvious way of monitoring the electrons consists in observing the mag-
netic behavior of the cells, both in the absence and presence of an
electric field. Although a great deal of EPR work has been done in this
connection, we are not aware that anybody ever used electrical excitation
for these observations. The usual procedure consists in puaping electrons
optically from, or into,_ localized sites and deduce from the change in the
observed EPR signal such information as, for example, trapping depths or
life times.

We decided, therefore, to attempt obtaining signals during the state
of electroluminescence. Some care is necessary to avoid obvious pitfalls,
First of all, the signal cbtained from an EPR bridge is pzoportional ¢o

the loaded Q of the cavity. Hence, it was mandetory to make samples

(Coapter I) vhich did not penetrate much into those regions of the cavity
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where there is a strong r.f. electric field. Since dielectrics - in
this case, the matrix in which the phosphor powders were embedded -

are usually quite lossy, it was decided to perform the experiment with
& thin lossy sample located along the axis of a cylindrical cavity.
Electrical connections could then be made outside of the cavity proper.
A first attempt to obtain changes in the EPR signal with phosphors made
from the above-menticned Sylvania powders feiled. It was difficult to
ascertain that the samples actually emitted light because phosphors made
from pure powders exhibit very little brightness and since the sample
wvas completely enclosed in a thin gold layer, with resulting loss of
transmitted pover, the results remained inconclusive. We, therefore,
repeated the experiment with & powder obtained from the Fisher Company,
which is known to have a larger content of initial impurities, in pare
ticular - copper. In the following we report exclusively on cells
made with the latter powders.

ge Measurements

ALl EPR measurements were done with an X-band spectrometer (Strand
Lab-Model 602). Pigure 29 is a schematic diagram of the equipment. Its
essential features are the following. A klystron, separated from the
rest of the system by a Ferrite isolator, feeds power to a directional
coupler. There the powver is partially led to a balanced mixer and in
part through a vave meter (reference cavity) to the second input of the
mixer. Any change in the klystron frequency is sensed, the resultant
signal converted into a voltage which is applied to the repeller of the
klystron to force its frequency back to that of the reference cavity. In
this manner, the klystron is "locked" to the wave meter. When this pro-

cedure is followed, one measures the real part of the susceptibility
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(dispersion mode). For the work done under this contract, it turned out
to be more convenient to measure the imaginary part of the susceptibility
(absorption mode). In this case, the reference cavity is merely used to
measure the frequency while the klystron is locked to the sample cavity.
This is dome by dividing the power from the klystron into twoc parts - one
being sent into the reference arm of the bridge to another balenced mixer
while the other proceeds to a circulator where it is split again, one
part going directly to the second input of the balanced mixer, the other
part first being reflected by the sample cavity. The output of the
balanced mixer is again converted into a voltage which when applied to the
repeller of the klystron locks it to the sample cavity. A second set of
crystals in the mixer is used as a detector, its output being fed through
en amplifier to a phase detector, The second input to the phase detector
comes from a 6 Keps oscillator, which also activates the modulation coils
on the magnet. The measurements are made by balancing the bridge, i.e.,
by arrenging to have the power reflected from the cavity Just cancel the
power which merely passes by the circulator. As the magnetic field of
the magnet is swept through the resonance field of the sample to be ex-
aained, power will be absorbed, the bridge umbalanced, and a signel detected.
What is finally recorded is the derivative of the absorption signal,
Figure 29a is a schematic - not drawn to scale -~ showing the arrange-~
ment of the wire in the cavity. The two teflon caps are essential in pre-
venting the wire from moving in the cavity while the experiment is in pro=-

gress.
Results Obtained With ZnSanClazloal

Since Mn** does not only have a 685 Jo eiectronic ground state

but also five nuclear spina, one would expect a total of thirty iines.




in vur case, the observation being made at 3C0°K and with polycrystals,
only six broed linas are onserved correrponding to the selection rules

at«zu = 0, If, in addition, the concemtr:iion of the Mn*™ impurity is

20 aigh that there is broadening due to spin coupling of neighboring

patt ions, only one J?ine is coeerved. Figuras 30 demonstrabe the ~axnge
in the observed spectrum as a function of Iimpurity concentraticn. Figure i
presents the spectrum for 102 Ma** sons per a3 with, end without, up=
pliad E. L., field. In order to evaluate thls result in terms of changes in
absorbed power, it is necessary to make an assumption concerning the shape
of the absorption 11nq which is teken to¢ be Lorentzian. Then tﬁe total
ligat of the derivative curve is proportional %o the absorbed power.

Table 5 presents the :;eilative changes in absorption for a variety of fre-
quencies and voltages applied to the sample, The values presented vwer:s

obtained by us_:l.qg a Lorentzisn line shape.

TABLE V

RELATIVE MICROWAVE ABSORPTION FOR ZnS:Mn012 :J.O21

Vv _(volts)/f (Kcps) 5 10 12 20 22

800 .98 -96 91 -89 -89
900 97 o3 ~87 -85 -85
1000 «96 -89 .85 80 82
1100 -9 .87 .82 oTT - &0

411 vslues quoted sre accurate within = .02, First of all, it is apparec:
that the values do not chenge any longer beyond 20 Keps. We sttribuie ihis
to a relaxation process taking plece with a characteristic Sime of about
ks microseconds. Next, one notices that within the guoted zxyerinentsl

error, the signal with applied woltege Sv divided by the signel without
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applied voltage So behaves as

R d m - - 3
8 r 1 afv? , (26)

This is an experimentally derived relationship and was arrived at in
the following way. Figure 32 presemts r as a function of applied
fraquency for the various voltages, A least square approximation ylelds
straight lines for r = r(f):;

re=l-cft (26a)
vhere f is the applied frequency and c¢ he&s the following values for
the various voltages:

v 800 900 1000 1100

c -0054 0077 -010 2012

A further evaluation of the slopes finally leads to the conclusion
that the constant ¢ 13 proportional to V resulting in Eq. (26) with
"a" having a value of (1.0 ¢ .1) x 1024 gec V=3, The values actually
obtained for & are as followsg

v 800 900 1000 1100

a Lo M 1.06x071%  1.00x1071% . 95x1071H
The fact that "a" changes in a rather regular manner is undoubtedly of
importance but so far we have not been able to explain this effect com~
pletely. We believe, however, that one can safely assume that Eq. (26)
is not atrictly true, since possible changes in the reflectivity of the
sample with applied voltage have not been taken into account. In order
to ascertain that the changes in the observed signal are not all due to

changes in the reflectivity of the samples a sandwich type sample, a3
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used for the optical measurements, was used to reflect a beam of 10 KMc
microvave power, 8ince no change in the reflectivity was observed - the
sensitivity of the equipment not being sufficient to obsairve chenges as
expressed by the small variations in a =~ as a voltage was applied to

the sample, wve take this as a Justification of our interpretation.

Results for 8maller Concentrations

Attempts to obtain similar results for a concentration of 1018
impurities per cem3 did not yield any positive results at all. The re-
sults for 1019 ana 1020 Mtr.C’].2 per cm3 are presented in Tables 6
and 7. The evaluation of these data is quite complicated since what is
essentially observed is the "superposition™ of two absorption spectra.

One is the broad banded line due to spin~spin coupling of Mn** 1ons and
the other consists of the six separated lines of a single Mn** ion.
8ince both of them change vhenever the sample ies excited with an applied
voltage and neither change is known, it is not at all clear what procedure
for the evaluation should be followed. Ancther wvay of stating this pro-
blem is to say that six individual lines are no longer Lorentzian and,
therefore, cannot be evaluated as was done for the case of stronger doping.
Howevaer, it vas hoped that possibly some information might be cobtalned by
considering the average abscrption of all six lines. When this is done
one obtains

r=1 KV

with K taking on the following values for the different voltages

v 2000 1100 1170 1250
K 9x10~17 8.3x10™17 8.8x10~ 10 ToTx10™%2



1600
1100
1iT0

1250

1000
1100
1170

1250

1000
1400
1370

1200

e

v

W1\

10
10
10

10

15
15
15
15

-98
099
-96
-9l

<96
91
.87
.82

86
~81
<16

o9k
9k
<99
291

092
092
.90
.82

.82

oTT
.T6

20

25
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TABLE VI

3
-9k
«95
095
-89

<93
092
.86
-8k

.86
1T
Th

« 12

L}
-98
1.07
1.00

299

290
.87
-89
79

.88
-89
-T9
.T6

2
.94

«91
o9k
-96

092
.92
091
.80

-84
.82
.78
.73

6
.97
.95
.94

.93

1.00
<9l
.87

T8
o Th
- Th

LA
1000
1100
1170

1250

1000
1100
1170

1200

E

20
20
20

20

25
25
25
a5

i
-8h
.78
.80
-T6

oTT
.18
.80
oT6

AVERAGE VALUES FOR ALL 6 LINES

1000

96
N2
.86
-T9
- T8

1100

.97
91
.82
.Th
Th

170
296
.88
- T6
o Th
-Th

2
- T5
-T2
oT1

(Y

oTT
o Th
o T2

T2

3
.76
o Th
.Th

.T8
oT1
N pY

2Tl

L)
.18
.75
.13
-Th

80
o
oTT

o T2

oT3

2
.81

<13
«Th
o7

oTT
TS
°T3

o T6
019
0Tl

¢ Tl
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SARE VI
RELATIVE MICROWAVE ABSORPTION FOR ZnS:MnCl,:10%

¥ £ 1 g 3 L3 2 & Yy E 1 2 3 L] [
B0 5 .96 1.00 .95 .96 .9k 1.05 800 20 .99 .93 .99 <95 1.02 .9k
900 5 .98 .98 .91 .96 .93 1.01 900 20 .93 .92 .96 .98 1.06 .95
1060 5 <93 .99 .93 .95 .92 1.01 1000 20 .9k .93 .91 .98 .97 .Si
100 5 .91 .96 .91 .95 .93 .98 1100 20 .95 .90 .96 .96 .99 .95

800 10 1.03 1.03 1.06 .97 .98 1.00 800 25 .95 .97 1.001 <97 .OT .95
900 10 .99 .97 1.08 .97 .9k 1.07 900 25 .97 .95 1.01 .96 .96 .96
1000 10 .96 .94 1.03 .9 .97 .9k 12000 25 .93 9% .96 .95 .95 .85
1100 10 106 .97 1.00 .90 .96 .98 1100 25 .91 .89 .98 .96 .98 .93

800 15 .94 .99 1.2 .98 .96 1.03
900 15 9T .98 1.06 .97 .92 .9k
1000 15 .94 .95 1.02 .96 .91 .9k
1100 15 .91 .95 1.02 .9% .94 .93

AVERAGE VALUES FOR ALL 6 LINES

/A4 800 200 1000 4100

5 .98 296 096 o9k
10 1,01 1,06 .96 <97
15 1.00 9T 295 296
20 o97 .96 9l 095

25 097 =97 .95 -94
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From this result it is clear that this approach is too crude to yleld
any deteails. However, it is significant that the constant K occurring
here is somevhat smaller than that of the case of 1021 impuriiies per
em3. Any further reduction of the impurity content should make tie
evaluation worse unless a different approach can be worked out. This is
done at present but unique and definite results have not as yet been b~
tained. In particular, we believe that those values that eare lerger
than unity in Table 7 are not real but are due to our rough evaluation.

Returning briefly to Table 6, an equation of the type (26) was ap-
plied to each individual line and the following numbers for the constant
K (10%?) obtained for the various voltages:

¥ 1000 1100 1170 1250
Iine 1 072 .:ﬁ 075 -:%2.

Line 2 1.0 o5 B .82
Iine 3 1.0 9 .88 .87
Line &4 90 6L TS5 .T2
Iine 5 <90 «90 .81 oTT
Line 6 JTh .90 88 LTT

It is seen clearly that only for Line 3 is it possible to ohserve
e trend. This is probably due to the fact that this line is closest to
the top of the brosd spin-spin coupling line.
Discussion of Results and Conclusions

Reviewing and summarizing the EPR data yields the followirg:

1. No changes of EPR signals are observed with ZnS:MnCl, whean
the starting product is pure ZuS.

2. Changes are observed when the ZnS powders contain copper

impurities and the concentrstion is at least 1019 Mn** per cm3.




= 56 =

3. As far as the data could be evaluated in a sensible fashion,
the ratio of the EPR signals with, and without, voltage is given by the

equetion
r=1aafvd

We interprat these results as followa., As a voltage is applied to
the samples some Mn'* are excited, others are ionized. The first ex-
cited state of Mn*™ is a 4G state in the free ion approximation.

Since we did not observe any change in the EPR signal for pure ZnS powders,
this may be attributed to a very fast relaxation time from the 5G to the
63 ground state. On the other hand, ve did observe changes in the signal
vhen copper was present. We conclude that the Ma** ions are partially
ionized and the Cu* levels act as traps.

Of major importance, furthermore, iz the fact that the changes in
the ground state population, or the relative values of the EPR signal,
depend on the third power of the applied voltsge. We interpret this
result as foliows. As a voltage 1s applied to the sample, electrons in
the conduction band are accelerated. They interact with the lattice,
thereby creating phonons (heat). Only after this preliminary process
has taken place &re conduction electrons then able to excite or ionize
Mn™ particles, Since the heating effect goes a8 V2 and the cross
ssction for ionization snd/or excitation for Mn** may be assumed to be
proportional to the energy of the conduction electrons, one obtains a
V3 dependence of the pumping of the 68 1level of Mn**, This inter-
pretation of the EPR data is in full agreement with the results obtained
from the efficiency measurements which often yield results of 2% or less

efficlency.
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It appears, therefore, that electroluminescence takes place only
after the greater part of the power put into the sample has been dissi-

pated in the form of heat.



PART IT

Electro_-__‘()gtic Effect

Preliminary measurements esteblished the feasibility of controle-
ling the equilibrium temperature of a metallic surface by adjusting the
magnitude of the electric field intensity using polarization techniques.
Ordinary polaroids were used and measurements were made of the equili=-
brium temperature with the polaroids crossed and uncrossed. A change in
the equilibrium temperature of the order of 47°K was noted. Since it is
obviously undesirable to require mechanical orientation of the polaroids
to effect control of the light intensity incident on the metal surface,
an electro=optic cell vas introduced between two crossed poleroids and
the intensity of the transmitted light was measured as a function of the
d.c. bias field applied to the electro-optic crystal. In the range
from OV &.c. bias to 9000V d.c. bias, the light intensity incrsased by
a factor of three. Though these results were interesting, the enormous
practical difficulty of implementing such a technique over large surfaces

did not warrant further efforts in this area,
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Block Diagram of Apparatus

for Relaxation Time
Measurements

SQUARE wAVE
GENERATOR

L X

\

HIGH

VOLTAGE

|

/u

PHOTOTUBE"

ELECTROLUMINESCENT

CELL




BRIGHT NESS

Figure 18

Decay of Brightness upon Removal
of Square Wave Voltage
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Block Diagram of Apparatus for
Absolute Efficiency Measurements
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Composite Band Theory Picture
of Electroluminescence
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Figure 27
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Configuratioan Coordinate Diagram of
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